Abstract--The clay mineralogy of the Miocene Monterey Formation was determined for onshore and offshore sequences in the Santa Mafia basin area, California. The <0.1-~tm fraction of clayey, opal-CT porcelanites, siliceous mudstones, and dolostones from the Pt. Pedemales area consists of mixed-layered illite/smectite (I/S) that contains < 10% illite layers. The underlying Tranquillon Volcanics and Obispo Tuff, the presence of bentonite beds, zeolite minerals, and unaltered volcanic ash beds in the Monterey Formation, and the highly smectitic composition of the I/S suggest that a significant amount of the I/S formed from the alteration of vitreous volcanic ash. The alteration of volcanic glass to smectite coincides with the transformation of biogenic opal-A (mostly diatoms) to opal-CT. Alteration of volcanic glass to smectite may inhibit the opal-A to opal-CT transformation by removing pore-water Mg, promote dolomite precipitation by raising the pH, alter the Sr isotopic composition of the pore waters, and provide an additional source of silica to these predominantly biogenic siliceous rocks. The 0.1-to 2-gm fraction contains mica minerals (discrete illite, biotite, and muscovite) as well as US. Clayey, opal-A diatomites from the overlying Sisquoc Formation contain detrital kaolinite and random (R = 0) US, but the percent illite layers in the I/S is uncertain.
INTRODUCTION
demonstrated the importance of biogenic silica in the formation ofporcelanite and chert in the Monterey Formation. Many workers have since studied the burial diagenesis of biogenic silica (opal-A), including the transformation of opal-A to opal-CT, ordering of opal-CT, and recrystallization of opal-CT to quartz (Murata and Larson, 1975; Mizutani, 1977; Pisciotto, 1978; Isaacs, 1980) . In addition, the early diagenetic origin of dolomite, pyrite, and francolite (carbonate fluorapatite) in relation to organic matter degradation in the Monterey Formation has been studied by numerous workers (Spotts and Silverman, 1966; Friedman and Murata, 1979; Kastner et aL, 1984; Compton and Siever, 1986) . Clay minerals have been proposed to play an important role in diagenesis. For example, clay minerals may inhibit the opal-A to opal-CT transformation (Kastner et aL, 1977; Isaacs, 1982) , and they may act as a catalyst in hydrocarbon generation (Solomon, 1968; Shimoyama and Johns, 1971; Johns and Shimoyama, 1972) . Several studies of the Monterey Formation include elemental and X-ray Copyright 9 1991, The Clay Minerals Society powder diffraction (XRD) analyses from which the mineralogy of bulk rock samples was determined (Isaacs, 1980; Isaacs et al., 1983; Compton, 1986) . These studies demonstrated the abundance ofaluminosilicate minerals in the Monterey Formation, but there have been relatively few studies of the mineralogy and diagenesis of the aluminosilicate minerals (Hein et aL, 1979; Kablanow and Surdam, 1983; Pollastro, 1990) .
The progressive illitization of mixed-layered illite/ smectite (US) from approximately 20% to 80% illite layers during burial over a temperature ra_age of 40 to 140~ has been documented in the Gulf Coast region of the U.S. (Burst, 1969; Perry and Hower, 1970; Weaver and Beck, 1971; Hower et al., 1976) , as well as elsewhere (Dunoyer de Segonzac, 1970) . The source of K for the illitization of smectite has been attributed to solution of K-feldspar and K-bearing mica minerals. A progressive increase in illite layers in I/S with burial depth in quartz-grade rocks from the Monterey Formation has been documented in the Santa Maria Basin (Hein et al., 1979; Pollastro, 1990 ) and the Huasna Basin (Kablanow and Surdam, 1983) . In addition to I/S, discrete illite, kaolinite, and chlorite were observed 449 Figure 1 . Approximate location of the Santa Maria, Huasna, and Pismo basins (Hall, 1981) ; offshore drill sites of the Pt. Conception COST well (PC), and Platform Hermosa B-2 well (PH); and Monterey coastal outcrops at Lions Head (LH), Pt. Pedernales (PP), Lompoc quarry (LQ), Naples Beach (NB), and Gaviota Beach (GB).
in these studies of the Monterey Formation. The present paper examines the mineralogy and composition of day minerals from the Monterey Formation and the relation of clay mineral diagenesis to the diagenesis of associated silica and carbonate minerals.
STRATIGRAPHIC SEQUENCES STUDIED
Two of the three stratigraphic sequences studied are coastal outcrops located in south-central California near Pt, Pedernales and Lions Head; the third sequence is from the Chevron USA B-2 well drilled from Platform Hermosa located 15 km south of Pt. Arguello ( Figure  1 ). The original relative position of these sequences is uncertain because this area has undergone complex tectonic movements since deposition (Hall, 1981) . For example, the coastal sequences have been uplifted, folded, and faulted into their present positions since the latest Miocene. The lithostratigraphy, mineralogy, and approximate correlation of the three sequences are summarized in Figure 2 . Included in Figure 2 is the Pt. Conception COST well located 10 km northwest of Platform Hermosa (Cook, 1979) . The different members of the Monterey Formation in the COST well were defined by Isaacs et al. (1983) on the basis of hthology and bulk dement analyses. Correlation among the sequences is made largely on lithology because few datable microfossils are preserved in these recrystallized siliceous rocks. However, many early-formed dolostone beds contain unaltered microfossils and provide diatom age dates for the Lions Head and Pt. Pedernales areas (Grivetti, 1982; J. Barron, personal communication, 1989; White, 1989) . The upper calcareous-siliceous member of the Monterey Formation is recognized by the presence of finely laminated quartz chert rocks and a marked increase in dolomite. The transition from finely laminated to more coarsely laminated and massive diatomite or porcdanite is used to approximate the Monterey/Sisquoc formational contact. The sequences correlate well on the basis of lithology and available age dates, especially if the cherty intervals in the upper calcareous-siliceous member are assumed to be isochronous.
The Pt. Pedemales sequence is in depositional contact with the underlying Tranquillon Volcanics. It is 1.2 km thick and ranges in age from 16 to 5.3 Ma (Grivetti, 1982; J. Barron, personal communication, 1989) . The sedimentation rate, corrected for compaction, was four times greater for the Sisquoc than the Monterey Formation at Pt. Pedernales (Compton, 1991) . The correlations in Figure 2 suggest that the sedimentation rate of the Sisquoc Formation also increased dramatically in the B-2 well. Biogenic silica in rocks from the Pt. Pedernales area consists of opal-A, opal-CT, and quartz. Clayey, opal-A diatomite occurs in the uppermost 0.45 km followed by a transition zone about 0.15 km thick that contains interbedded opal-A diatomite and opal-CT porcelanite and chert. This transition interval has been commonly observed in siliceous rocks, and reflects the dependence of the opal-A to opal-CT transformation on both rock composition (mainly clay content) and temperature (Isaacs, 1982) . Quartz rocks at Pt. Pedernales are restricted to intensely folded cherts in the upper calcareous-siliceous member. Apparently the Pt. Pedernales sequence was not buried deeply enough to result in the pervasive alteration of its biogenic silica to quartz.
The B-2 well was drilled from Platform Hermosa and is located on the northwestern flank of the Amberjack High that defines the southeastern boundary of the ArgueUo field (Crain et al., 1985) . Rocks from the B-2 well contain opal-A in the uppermost Sisquoc and overlying Pico Formations. The opal-A to opal-CT transition occurs over an interval about 0.15 km thick. Predominantly opal-CT rocks occur from about 1.4 to 1.7 km, opal-CT and quartz rocks coexist from 1.7 to 1.8 km, and predominantly quartz rocks occur below the approximate Sisquoc/Monterey formational contact at 1.8 km. The transition from opal-CT to quartz is at greater depth (about 2.1 km) in the Pt. Conception COST well (Hein et al., 1979; Isaacs et al., 1983) . The Lions Head sequence is in depositional contact with an ophiolite complex of Jurassic age. It is 0.3 km thick and ranges in age from 16 to 9.2 Ma (Dunham and Blake, 1987; White, 1989) . Biogenic silica in rocks from the Lions Head sequence has altered to quartz. The lower two-thirds of the sequence is composed of phosphatic, siliceous mudstone and dolostone. The upper one-third is composed largely ofporcdanite, chert, and dolostone. Figure 2 . Mineralogy, stratigraphy, and correlation of sequences studied from the Santa Maria basin area and the Pt. Conception COST well (COST well stratigraphy from Isaacs et al., 1983) . Dashed lines correlate approximate lithologic changes described under Lithology. The US is random (R = 0), except for several samples that contain ordered I/S 0abelled R = 1).
ANALYTICAL METHODS
Outcrop samples were collected from coastal exposures. Samples were collected that appeared on the basis of their dark color to be fresh and relatively unaltered by subaerial weathering. The unoxidized state of these rocks was later confirmed by their abundant organic matter and pyrite content. Light-colored, weathered surfaces were removed before processing. Sampling was biased toward clay-rich siliceous rocks and dolostones. No chert or highly siliceous porcelanite rocks were attalyzed because they contain small amounts of clay that are difficult to separate from the finelycrystalline, siliceous matrix. Bulk drill cutting samples, collected over 30 m thick depth intervals from the B-2 well, were obtained from Chevron USA and washed through a 0.5 mm sieve. The >0.5 mm rock chips were ultrasonicated to remove drilling mud from their surfaces. The chips were then crushed in an agate mortar and pestle in deionized water, ultrasonically suspended in 3% sodium hexametaphosphate solution, and separated into > 38-~m, 2-38-gm, and 0.1-2-#m-fractions by sieving and centrifuging. The < 0.1-~tm fraction was collected using a porous ceramic filter candle. The different size fractions were mounted on glass slides and analyzed using a Scintag XDS 2000 X-ray diffractometer and CuKa radiation. Oriented, air-dried clay mounts were saturated with ethylene glycol and analyzed on the XRD to determine the percent expandable layers using the techniques described by Reynolds and Hower (1970) , Reynolds (1980), and Srodofi (1980) . Reichweite (R) nomenclature (Jadgozinski, 1949) was used to indicate the ordering type with R = 0 for randomly interstratified I/S and R = 1 for ordered US (altemating ISIS ...). XRD clay mounts on ceramic tiles were heated to 550~ for 1 hour and analyzed to identify chlorite. Clinoptilolite was differentiated from heulandite by heating the samples to 600*(2.
Modal analysis
Homogeneous, powdered splits of bulk samples were sent to X-ray Assay Laboratories (XRAL, Ontario) for 
=2
II =o C* major and trace element analysis using X-ray fluorescence spectroscopy (XRF) ( Table 1) . Total carbon and carbonate carbon were measured coulometrically on a separate split, and total sulfur was determined by XRF on a separate split. The approximate mineral composition of the samples (Table 2 ) was determined by combining the relative mineral abundances from the XRD data (integrated peak areas) and the major oxide elemental analyses (Table 1) . A set of linear equations, representing the chemical composition of each of the minerals identified by XRD analysis, was solved simultaneously to yield a mineral composition consistent with the XRD results.
The following procedure was used to assign the elemental analyses to the minerals identified by XRD:
1. Carbon--Total carbon was subtracted from carbonate carbon to give organic carbon, and kerogen was calculated as 1.4 x organic carbon (Tissot and Welt, 1984) . Carbonate carbon was attributed to dolomite and calcite. The small amount of carbonate present in francolite (3-6 mole %) was neglected. 2. Calcium--Ca was assigned first to dolomite and calcite, and then to francolite to account for the analyzed P205. The remaining Ca was assigned to plagioclase feldspar (anorthite) and to I/S as an exchangeable interlayer cation.
3. Magnesium--Mg was assigned first to dolomite, and then to I/S and mica minerals. The relative abundance of the mica minerals was estimated by the intensity of the 10.0 A and 4.48 A peaks. The relative amounts of the different mica minerals that were observed in petrographic thin sections (discrete illite, biotite, muscovite) were not determined. An average chemical composition for the mica minerals was used that assumed an equal proportion ofillite, biotite, and muscovite. 4.
Potassium--K was assigned to mica minerals, K-feldspar, and I/S. 5. Sodium--Na was assigned to plagioclase feldspar (albite) and to I/S as an exchangeable cation. 6. Aluminum--excess AI was assigned to kaolinite. 7. Silica--Detrital quartz was estimated as 1.4 x A1203 (Isaacs et aL, 1983) . Excess Si was assigned to opal-A, opal-CT, or quartz, For opal-A or opal-CT rocks, excess Si was assigned to the predominent silica phase because small amounts of opal-A were difficult to detect. This simplification gives the false impression that opal-A and opal-CT are mutually exclusive in Table 2. 8. Iron--Fe was first assigned to pyrite to account for analyzed S. Fe was then assigned to I/S, mica minerals, and ferroan dolomite. Any remaining Fe is reported as excess Fe203 in Table 2 . This excess Fe may be present as X-ray amorphous Fe-oxides or may be the result of underestimating the Fe content of the mica minerals or dolomite. 9. Sulfur--excess S (total S-pyrite S) was assigned to kerogen because kerogen from the Monterey Formation was reported to contain up to 10 wt. % S (Orr, 1984) . Samples from the B-2 well were not analyzed for S, but the S content of the bulk rocks was estimated from the linear relationship be- * Bentonite or metabentonite sample. ** Corrensite with 70% chlorite layers. MICA includes discrete illite, muscovite and biotite. KAOL = kaolinite, I/S = mixed-layered illite/smectite, %ILL = % iUite layers in I/S. DOLO = dolomite, CAL = calcite, FRANC = francolite, PYR = pyrite, KER = kerogen, R (Reichweite) = 0 for random and R = 1 for ordered (alternating) interstratification.
tween S and organic carbon observed for normal marine sediments (Beruer, 1982) and rocks from the Monterey Formation (Compton, 1988) . 10. Water --excess H20 reported in Table 2 was calculated by subtracting the organic matter, carbonate-carbon CO2, and structural water from the weight lost on ignition (LOI).
The elemental composition of the minerals was assumed to be constant, except for I/S and dolomite. The composition of the I/S was approximated from the structural formulae calculated from the elemental analysis of the <0.1-#m fraction (see below). For dolomiterich rocks, microprobe analyses of individual dolomite grains were used to determine the average dolomite composition (Compton, 1988) . The above procedure used to estimate the quantitative mineralogy is useful for examining mineralogical trends, but the accuracy of the method is probably 10-20% because of the nonrandom orientation of various minerals analyzed by XRD, the presence of minerals below the detection limit of the XRD (0.5-1 wt. %), and the presence of X-ray amorphous materials.
RESULTS

Clay mineralogy
The <0.1-urn fraction of discrete bentonite beds, clayey porcelanites, opal-CT siliceous mudstones, and dolostones from the Pt. Pedernales area is a nearly pure smectite that is interstratified with less than 10% illite layers (Figures 3, 4) . The smectite is dioctahedral on the basis of the position of the 060 reflection (Moore and Reynolds, 1989) . In addition to I/S, the bentonite beds contain quartz, feldspar, and mica minerals. Several beds are cemented with dolomite ( Figure 4 ). Unaltered volcanic ash beds were not observed at Pt. Pedernales, but they were observed in opal-A diatomites of equivalent age at the Lompoc quarry and Naples Beach areas ( Figure 5 ). The 0.1-2-ttm fraction is predominantly smectite, but it also contains variable amounts of mica minerals. Clay minerals in clayey, opal-A diatomites from the overlying Sisquoc Formation are interpreted to be random I/S. In general, the XRD patterns of the <0.1-#m fraction from the Sisquoc Formation had a broad 001 reflection with a high low-angle shoulder. The 001 reflection expanded These patterns are interpreted to be from highly smectitic I/S that contains less than 10% illite layers. Sample PP-14 also contains pyrite, feldspar, and mica minerals. The elemental analysis of sample PP-14 reported in Table 3 is of the < 0.1-pm fraction that did not contain detectable amounts of pyrite, feldspar, or mica minerals.
to approximately 17 ~ after glycolation, but a broad, amorphous hump centered around 4.1 A (opal-A?) obscured the XRD pattern and the percent illite layers could not be determined ( Figure 6A ). Minor amounts of kaolinite were found only in the 0.1-2-tzm fraction of the Sisquoc Formation. Although the siliceous component of rocks from the offshore B-2 well includes opal-A, opal-CT, and quartz, the silica in rocks from the Monterey Formation is mostly quartz (Figure 2 ). The predominant clay minerals are random I/S, mica minerals, kaolinite, and chlorite ( Figure 6 ). Ordered I/S (R = 1) was found near the base of the sequence ( Figure 6F ). There is a progressive increase from 10% to 80% illite layers in the I/S (Figures 6, 7 ). The increase occurs over a stratigraphic depth of about 0.8 km that corresponds to a present-day temperature range of 80-115~ assuming a geothermal gradient of 45~ for the Point Arguello Field area (Crain et al., 1985) . The initial increase in the percent illite layers in the I/S coincides with the opal-CT to quartz transition that corresponds to a present-day temperature of about 800C (Figure 7 ). The morphology of the I/S becomes more platy with increasing burial (Figure 8 ). Similar to the Pt. Pedernales sequence onshore, X R D analysis of the < 0.1-#m fraction from opal-A/opal-CT diatomites from the Sisquoc Formation of the offshore B-2 well indicate random I/S, but the percent illite layers in the I/S is uncertain because of the poorly defined XRD patterns ( Figure 6A ). Silica in rocks from the Lions Head area consists of quartz, and no opal-A or opal-CT was detected. The < 0 . t -p m fraction contains I/S, kaolinite, chlorite, mixed-layered chlorite/smectite (corrensite), and mica minerals. Corrensite was found only at the base of the sequence where it is in depositional contact with an ophiolite complex (Figure 9 ). The percent illite layers in the I/S increases from approximately 35% near the top to 65% near the base of the sequence. Several metabentonite beds contain abundant kaolinite and dolomite associated with either random or ordered I/S (Figure 10 ).
Structural formulas of the I/S
Approximate structural formulas of the I/S were calculated from the elemental analyses of the <0.1-pro fraction (Tables 3, 4 ). The fixed-ammonium content was determined by Lynda Williams at Louisiana State University using the Kjeldahl distillation technique (Bremner, 1965) . Calculations assumed an anion-cation balance and an ideal structure that contains O~o(OH)2 (Newman and Brown, 1987) . Total Fe was measured as Fe203 and all of the Fe in the I/S was assumed to be ferric iron. The silica content was corrected for quartz or opal-CT detected in the X R D profiles of the <0.1-~m fraction. Ca was corrected for associated francolite based on the P205 content. Some samples gave octahedral occupancy values that were somewhat less or greater than the ideal dioctahedral value of 2.0, suggesting possible salt contamination. The analyzed Na was lowered in these samples to achieve an octahedral occupancy value closer to 2.0. Included in Table 3 is a volcanic ash bed from the Lompoc diatomite quarry that consists of unaltered (X-ray amorphous) volcanic glass ( Figure 5) ,
The average structural formula of I/S that contains less than 10% interstratified illite layers from the Pt. Pedernales sequence is (Ko.~lNao ~TCao.o6)(AIL32Mgo 4s-Feo.E~Tio.o4)(Si3.93A/o.o7)O~o(OH)2. The total layer charge for these smectites ranges from 0.3 to 0.46 (Table 4) . Most of this interlayer charge results from the substitution of Mg for Al in the octahedral layer. Mg is more abundant than Fe in the octahedral layer of all but one of the samples analyzed. The average structural formula of two I/S samples from the Lions Head sequence that contain approximately 60% randomly interstratiffed (R = 0) illite layers is (Ko.28Nao.E3Cao.o4NH4oo6)-(AtL4oMgo.45Feo.17Tio.oa)(Si3.62Alo.3s)Olo(OH)2. In comparison to the I/S from the Pt. Pedernales area, the I/S analyzed from the Lions Head area has a greater tetrahedral substitution o r a l for Si and a similar amount of Mg. There is slightly less Fe and slightly more A1 in the octahedral layer, a higher interlayer charge of around 0.65, and significantly more interlayer K and NH4. These compositional differences reflect the greater percentage of iUite layers in I/S from quartz rocks of the Lions Head area (60%) compared to the opal-A and opal-CT rocks from the Pt. Pedernales area (< 10%).
Associated minerals
Rocks from the Sisquoc and Monterey formations contain highly variable amounts of aluminosilicate, carbonate, and silica minerals (Table 2) . I/S is the dominant clay mineral and constitutes from 50 to 95 wt. % of the clay minerals in the <2-#m fraction. Associated mica, kaolinite, and chlorite tend to occur in the coarser clay size fraction (0.5-2 ~m). Kaolinite is more abundant than chlorite in most samples. Plagioclase (3.18-3.20/~) is the dominant feldspar mineral in the Monterey Formation, and contains significantly more Na than Ca (Table 2) . K-feldspar (3.22-3.25 /~) constitutes an average of about 15% of the total feldspar, and many samples contain undetectable to minor amounts of K-feldspar. Dolomite is much more abun- Percent smectite layers in the I/S as a function of dant than calcite. The carbonate content increases dramatically below the clayey-siliceous member. Pyrite is ubiquitous in minor to trace amounts and correlates with the organic matter content (Compton, 1988) . Francolite is common in minor amounts. Clinoptilolite was commonly observed in minor to trace amounts in the 2-38-#m fraction. Abundant clinoptilolite was found in several opal-CT siliceous mudstones from the Pt. Pedernales area at stratigraphic depths of 0.7-0.9 kin, but no clinoptilolite was found below 1 km at Pt. Pedernales or in quartz rocks from the B-2 well or Lions Head area. Minor to trace amounts of analcime and mordenite were tentatively identified, mostly in quartz rocks. The observed mineral associations in the Monterey Formation as a function of burial depth are summarized in Figure 11 .
DISCUSSION
Origin of the clay minerals
Alteration of volcanic glass. One of the many aspects of diagenesis discussed by Bramlette (1946) in his classic work on the Monterey Formation is the wide distribution and alteration of pyroclastic material in Mon- Figure 9 . Air-dried and glycolated XRD patterns of the oriented < 0. l-/~m fraction from sample LH-1 from the base of the Lions Head sequence interpreted to be corrensite, discrete illite and chlorite. 5% disseminated volcanic glass in several diatomaceous mudstone and siltstone beds. The abundance of highly smectitic I/S observed in siliceous mudstone, porcelanite, and dolostone beds of the present study suggests that there was an appreciable amount of disseminated volcanic glass in addition to that concentrated in discrete beds. It is difficult to confirm the volcanic origin of smectite in most beds because the original glass shards have been completely altered to clay minerals (Figures 4, 5, I0 ).
The alteration of volcanic glass to smectite and zeolite minerals is by a solution/reprecipitation mechanism (Hay, 1963; Surdam and Hall, 1984) . The general diagenetic sequence documented for rhyolitic tufts is initial hydration of the glass, formation of smectite rims, and precipitation of zeolite minerals. The formation of smectite results in the uptake and release of cations and an increase in the pH. The increase in pH can then promote the precipitation of zeolite minerals (Hay, 1963; Surdam and Hall, 1984) . The greater abundance of smectite compared to zeolite minerals in the Monterey Formation may indicate that the smectite is largely detrital or that the initial composition and grain size of the volcanic glass favored smectite formation (Hay, 1963; Iijima, 1978) . In addition, other reactions may buffer the pH below the values that enhance zeolite precipitation. For example, if the increase in pH from smectite formation results in the precipitation of dolomite, then the pH would remain below the level favorable to zeolite formation. This possibility is supported by the observation that many of the bentonite beds studied are dolomite cemented and contain only trace amounts of zeolite minerals ( Figures 4B, 10B) . The alteration of glass to smectite may change the porewater Sr isotopic composition because the Sr(87/86) ratio of the volcanic glass is probably different from the Sr(87/86) ratio of the original pore water (Elderfield and Gieskes, 1982) . Therefore, the Sr isotopic composition of dolomite associated with bentonite beds or smectite-rich rocks may not entirely reflect the original Sr isotopic composition of the pore water or the calcite from which the dolomite formed.
The alteration of volcanic glass to smectite appears to coincide with the transformation of biogenic opal-A to opal-CT. Volcanic ash beds composed of unaltered glass shards were observed in opal-A diatomites from the Lompoc quarry and the Naples Beach area ( Figure  5 ). However, bentonite beds composed of nearly pure smectite were found in predominantly opal-CT, not opal-A, rocks at Pt. Pedernales and Gaviota Creek areas (Bramlette, 1946;  Figures 3, 4) . The unaltered volcanic ash beds and bentonite beds occur in rocks of equivalent age, but it is unknown if they represent the same ash deposits. An ash bed from the Lompoc quarry is silicic on the basis of its elemental analysis and suggests that it had a rhyolitic or andesitic volcanic source (Table 3) . Volcanic glass elsewhere in the Monterey Formation should have a composition similar to the Lompoc quarry ash because the tuffaceous material from the Obispo Formation that underlies the Monterey Formation in the Pismo Basin also has a highly silicic, rhyolitic composition (Bramlette, 1946) . Based on a comparison of the elemental compositions of unaltered volcanic ash beds from the Lompoc quarry and smectite from the Pt. Pedernales sequence (Tables 3,  4) , the alteration of glass to smectite results in a large increase in Mg and H20 and a large decrease in K and Si. Changes in the Fe, Ca, and Na contents are variable.
Volcanic glass appears to alter to smectite more rapidly than smectite alters to illite because the smectite to illite transformation occurs over a greater depth interval (see below). This is consistent with the faster rate of transformation observed for glass to smectite than smectite to illite in the hydrothermal experiments of Eberl and Hower (1976) . Mg is probably taken up by smectite from the surrounding pore water, and coprecipitating dolomite would compete for available porewater Mg. The amount of disseminated volcanic glass in the Monterey Formation may be significant for explaining the origin of the clay minerals, but the amount of silica released from alteration of the ash is probably minor compared to the amount of biogenic silica in these rocks (Bramlette, 1946) . The abundance of biogenie silica probably enhances smectite and zeolite formation by providing a source of silica. In addition to silica, the frustules of living diatoms have been reported to contain up to 1.5 wt. % AI (van Bennekom and van der Gaast, 1976) . Kastner et aL (1977) demonstrated in laboratory experiments that small amounts of smectite can greatly inhibit the transformation ofopal-A to opal-CT. They suggested that the formation of Mg-hydroxide nuclei aid in the crystallization of opal-CT and that these nuclei are less likely to form where clay minerals take up much of the available Mg. Isaacs (1982) documented in field studies that clay-rich siliceous rocks transform to opal-CT at greater burial depths (higher temperatures), have a smaller initial 101 d-spacing, and transform to quartz earlier (lower temperatures) than clay-poor siliceous rocks. The prior or synchronous alteration of volcanic glass to smectite may inhibit the opal-A to opal-CT transformation because of the large uptake of pore-water Mg by smectite. Therefore, the volcanic glass content of the rock may be important for determining the relative timing of the opal-A to opal-CT transformation because smectite derived from volcanic glass has a much greater capacity to take up Mg than detrital clays. Dolomite precipitation associated with the alteration of volcanic glass to smectite would also remove pore-water Mg. The position of the basin relative to the shoreline and active Neogene volcanism was probably important for determining the original sediment composition. Many of the distal basins on the California margin are starved of terrigenous sediment because much of it is trapped in.more proximal basins (Gorsline and Emery, 1959) . Pyroclastic material, however, is more widespread and not as easily trapped. Pyroclastic material appears to contribute to the formation of a significant proportion of the total aluminosilicate minerals in the Monterey Formation and suggests that the Santa Maria Basin was a distal basin starved of terrigenous sediment. In contrast, the amount of pyroclastic material appears to be much less in the overlying Sisquoc Formation because no bentonite or ash beds were found and the <0.1-~tm fraction does not appear to be highly smectitic ( Figure 6A ). Tectonic uplift of the California borderland dramatically increased terrigenous deposition during the latest Miocene as reflected by the quadrupling of the sedimentation rate of the overlying Sisquoc Formation (Ingle, 1981; Compton, 1991) . In addition, a drop in eustatic sea level of more than 0.15
Compton
Clays and Clay Minerals km from the middle middle Miocene to late Miocene (Haq et al., 1987) would have increased the proximity of the basin to detrital sources during deposition of the Sisquoc Formation. The large increase in the sedimentation rate and the amount of terrigenous detritus in the Sisquoc Formation probably diluted any pyroclastic input and explains the increased abundance of kaolinite and feldspar minerals observed across the Monterey/Sisquoc formational contact. Explosive Neogene volcanism was probably erratic because of the heterogeneous distribution of volcanic ash beds and smectite-rich rocks in the Monterey Formation. Periods of increased volcanism in the circumPacific region are recognized during the middle Miocene, late Miocene, and latest Miocene to early Pliocene (Kennett et aL, 1977) . This is consistent with the observation that pyroclastic material is generally more common in California strata above the base of the middle Miocene (Bramlette, 1946) . Volcanism may provide an additional input of silica to the water column from solution of unstable volcanic ash and promote periods of high siliceous productivity as suggested long ago by Whitney (1867) and Taliaferro (1933) .
The Santa Maria Basin may have been relatively starved of terrigenous sediment during deposition of the Monterey Formation, but it dearly was not devoid of terrigenous sediment. Some of the clay minerals in the Monterey Formation are probably detrital because most samples contain discrete mica minerals in the coarser clay-sized fraction, and quartz and feldspar grains are common in the fine silt-sized fraction (Table  2) . However, pyroclastic deposits typically include variable amounts of quartz, feldspar, and mica grains associated with the volcanic glass. Their abundance depends, in part, on the proximity of the basin to the volcanic source (Bramlette, 1946) . Quartz, feldspar, and mica were observed in the bentonite beds studied from the Pt. Pedernales and Lions Head areas. In addition to in-situ alteration of volcanic glass to smectite, some of the smectite may be weathered from altered volcanic deposits on land. Authigenic I/S may also be easier than detrital I/S to detect using XRD analysis because the authigenic I/S consists of well-formed flakes (Figures 4, 10B) . Therefore, it is difficult to determine the relative proportions of terrigenous and pyroclastic aluminosilicates in the Monterey Formation.
Alteration of smectite to US, kaolinite, chlorite, and dolomite. The bentonite beds described above alter to metabentonite beds with increasing burial diagenesis. The increase in the percent illite layers observed in this study (Figures 2, 7) is similar to the increase observed in the Huasna Basin (Kablanow and Surdam, 1983) , Santa Maria Basin (Pollastro, 1990) , the U.S. Gulf Coast region (Perry and Hower, 1970; Hower et al., 1976) , and elsewhere. There are several possible reactions for the smectite-to-illite transformation. The actual reaction can be suggested from the changes in the mineralogy. The general reaction proposed for the Gulf Coast region is smectite + K-feldspar = illite + chlorite + quartz (1) where solution of K-feldspar and possibly mica minerals supplies the necessary K to form illite . A progressive decrease in the Fe and Mg content of I/S with increasing burial depth in the Gulf Coast region was suggested to result from the loss of Fe and Mg from the octahedral layer ofsmectite . This Fe and Mg is then available for the formation of chlorite. In the case where the composition of the octahedral layer remains unchanged, there is no release of Fe and Mg, and the reaction is:
smectite + K-feldspar = illite + quartz (2) Several studies found that the amount of I/S decreases as the percent illite layers in the I/S increases and suggested that A1 is conserved during the reaction smectite = illite + chlorite + quartz (3) where some of the required K is derived from K already present in the smectite (Boles and Franks, 1979; Pollastro, 1985) . If there are insufficient additional sources of K outside of the smectite, however, then the availability of K can limit the amount of illite that forms from smectite and can result in the alteration of smectite to kaolinite and chlorite (e.g., Hoffman and Hower," 1979) :
smectite + K-feldspar = illite + kaolinite
where the amount of K-feldspar is limited and the alteration of smectite to kaolinite requires the release of octahedral Mg and Fe. In addition to chlorite, the released Mg and Fe in the above reactions can form late ankerite or ferroan dolomite (Boles and Franks, 1979; McHargue and Price, 1982) . Initial illitization ofsmectite coincides with the opal-CT to quartz transformation in the offshore B-2 well, and the increase in the percent illite layers in the I/S occurs in quartz rocks (Figures 2, 7) . The decrease in the activity of silica from predominantly opal-CT to quartz rocks should favor the alteration of K-feldspar and smectite to illite, kaolinite, and chlorite (Garrels, 1984) . The subtle increase in the platy morphology of I/S that contains >55% illite layers agrees with the change in morphology documented by Keller et aL (1986) and by Pollastro (1985) (compare Figures 4B, 10B and 8A, 8B) . Keller et al. suggested that the compact and planar I/S with scalloped flake edges that terminate in sharp points reflects polytypic changes in the crystal structure of the I/S when the percent illite layers exceeds 55%.
The mineral association observed in the Monterey Formation, I/S, kaolinite, chlorite, quartz, and dolomite, suggests that the availability of K is limited during the illitization of smectite (reaction 4). A limited source of K is supported by the low abundance of K-feldspar in the Monterey Formation. The low abundance of K-feldspar does not appear to be the result of its dissolution during the illitization reaction. The K-feldspar content of the Monterey Formation at Pt. Pedernales, where no illitization has occurred, is not noticeably different from the K-feldspar content of equivalent-aged rocks from the Lions Head area or the offshore B-2 well that have undergone extensive illirization. The ratio of KzO to A1203 from the elemental analyses of bulk samples varies by less than 30% and shows no systematic change with burial depth (Table  1 ; Isaacs et aL, 1983) . This is consistent with previous studies of clay mineral diagenesis where no systematic bulk chemical trends were observed as a function of burial depth (e.g., Dunoyer de Segonzac, 1970; Hower et aL, 1976; and others) . Mica minerals are common in the Monterey Formation and are another possible source of K, but dissolution of mica grains was not observed and the abundance of mica minerals does not appear to decrease with depth in the illitization zone. An additional indication that K is limited during illitization is the unusually high ammonium content of the I/S (Tables 3, 4). Ammonium released from the thermal degradation of organic matter in organic-rich rocks can substitute for K in the illite structure (Williams et al., 1989) . Fixed-ammonium contents were found to be significantly higher in rocks from the offshore B-2 well (located in the Pt. Arguello oil field) than in rocks from the Lions Head area. The mineralization of ammonium in rocks from the B-2 well is promoted by the coincidence of the illitization ofsmecrite and the release of ammonium during the generation of hydrocarbons .
It is unlikely that the kaolinite in the Monterey Formarion in the B-2 well and the Lions Head area is detrital in origin because of the lack of a suitable source area, the absence of kaolinite from equivalent-aged rocks at Pt. Pedernales, and the abundance and texture of kaolinite in metabentonite beds from the Lions Head area ( Figure 10A ). Authigenic kaolinite occurs in a large number of samples from the disturbed belt of Montana, including bentonite and metabentonite beds, and was proposed to form from the alteration of volcanic glass, smectite, and plagioclase feldspar (Hoffman and Hower, 1979) . Kaolinite can form directly from the alteration of volcanic glass. For example, tonsteins are volcanic ash beds in coal deposits that have altered completely to kaolinite (Bohor et al., 1978) . However, no kaolinite was observed in the bentonite beds studied from the Pt. Pedernales area. The extent to which K limits the illitization ofsmectite appears to have varied because individual metabentonite beds from the Lions Head area contain significantly more kaolinite than adjacent siliceous mudstone and dolostone beds, and rock chips from the B-2 well (Table 2) . Pollastro (1981) observed kaolinite associated with pyrite in the foraminiferal tests of the Cretaceous Niobrara Formation. He suggested that organic matter degradation within the foraminiferal tests provides a microenvironment favorable to kaolinite and pyrite precipitation. Kablanow and Surdam (1983) observed a nearly 1:1 correlation between kaolinite and migrated hydrocarbons in the Huasna Basin. They proposed that organic matter decomposition leads to the formation of acidic pore fluids that dissolve clay and feldspar minerals, and that authigenic kaolinite precipitates from these aluminosilicate-rich fluids.
The alteration ofsmectite to kaolinite in reaction (4) requires the release of octahedral Mg and Fe, which can go into the formation of chlorite, ferroan dolomite, or ankerite if calcite is present: 2 CaCO3 q-0.5 Mg 2 § + 0.5 Fe 2 § = CaMgo.sFe0.5 (CO3)2 + Ca 2 §
For example, late diagenetic ankerite was proposed to form from Mg and Fe released during the illitizarion of smectite in the Wilcox Group of Texas (Boles and Franks, 1979) , and late ferroan dolomite was observed associated with argillaceous marine carbonates (McHargue and Price, 1982) . In the Santa Maria basin area, most of the original biogenic calcite (foraminifers and nannofossils) has been replaced by calcian or ferroan dolomite (Compton, 1988) . Most of this dolomite appears to form during early diagenesis, but some may form or recrystallize at the deeper burial depths of the illitization reaction. The small amounts of chlorite compared to I/S and kaolinite in the Monterey Formation may result from the formation of late dolomite rather than chlorite and the fact that chlorite contains a greater proportion of Mg and Fe to AI than smectite. For example, reaction (4) will yield roughly six times more kaolinite than chlorite unless additional sources of Mg and Fe are available. Fe-and Mg-rich smecrites appear to alter to illite more slowly than aluminous smectites and result in a greater release of Fe and Mg at deeper burial depths (Boles and Franks, 1979) . This would predict kaolinite to be more abundant than chlorite in the early stages of illitization, and chlorite to increase in abundance in the later stages of illitization. Authigenic Fe-rich chlorite appears to form after kaolinite in the Gulf Coast region, with chlorite replacing kaolinite in places (Burton et aL, 1987) . An increase in the release of Fe and Mg from the alteration of smectite to illite may lead to the formation of the chlorite in the Monterey Formation, possibly by replacement of earlier-formed kaolinite. Corrensite from the base of the Lions Head sequence is most likely locally derived from weathering of the Mg-rich mafic rocks associated with the underlying ophiolite complex.
Clays and Clay Minerals Origin of the zeolite minerals
There are few reports of zeolite minerals in the Monterey Formation. Hein et al. (1979) tentatively identified laumontite in the Pt. Conception COST well. Diagenesis of zeolite minerals in the Obispo Tuff, which is overlain by the Monterey Formation in the Pismo Basin, was studied by Surdam and Hall (1984) . They found that clinoptilolite and mordenite are the predominant zeolite minerals, in addition to some analtime. In the present study, zeolite minerals were found to be ubiquitous in the Monterey Formation, but in minor to trace amounts.
The controls on the diagenesis of zeolite minerals are complex and include initial composition and grain size of the glass, temperature, and pore water chemistry (e.g., Hay, 1963; Iijima, 1978) . The stability fields for the different zeolite minerals are known only approximately and are based largely on field observations. Clinoptilolite is most abundant in opal-CT rocks from the Pt. Pedernales area. In diatomaceous sediments from the Bering Sea, abundant clinoptilolite was found to coincide with the opal-A to opal-CT transformation and it was suggested that diagenesis of biogenic silica is an important factor (Hein et al., 1978) . Formation ofanalcime is favored by a high ana/aH ratio and a low asi:
clinoptilolite + Na + = analcime + quartz + K + (6) These conditions are most likely to occur in quartz rocks from the Monterey Formation where the silica activity is low relative to opal-A or opal-CT rocks, and the activity of Na is high relative to the activity of K because of K removal during the illitization reaction. This may explain why clinoptilolite was not observed in quartz rocks. Precipitation of clinoptilolite is a sink for K and its alteration to analcime a source of K for the illitization reaction. The transformation of analcime to albite was not observed in the Monterey Formation and the transformation of analcime to K-feldspar seems unlikely because of the high arJa~ ratio anticipated as a result of the illitization reaction. Zeolite minerals can also transform to clay minerals as observed in late, fault-controlled diagenesis of the Obispo Tuff (Surdam and Hall, 1984) . SUMMARY 1. A significant amount of the I/S in the Monterey Formation from the distal Santa Maria Basin appears to be derived from the alteration of volcanic material disseminated in the rocks and concentrated in ash beds. The alteration of volcanic glass to smectite appears to be rapid and to coincide approximately with the opal-A to opal-CT transformation. The alteration of volcanic glass to smectite may inhibit the opal-A to opal-CT transformation by the removal of pore-water Mg, promote dolomitization by raising the pH, and alter the Sr isotopic composition of the pore water.
2. Initial illitization of smectite coincides with the opal-CT to quartz transformation. The percent illite layers in the US increases from 10% to 80% over a stratigraphic depth of 0.8 km that corresponds to a present-day temperature range of 80-115~ The dominance of plagioclase over K-feldspar, the presence of diagenetic kaolinite, and the anomalously high fixedammonium content of the I/S suggest that K availability limits the amount of illitization and results in the transformation of smectite to kaolinite, chlorite, and possibly late ferroan dolomite.
3. Zeolite minerals are common in minor to trace amounts in many of the Monterey rocks studied. Clinoptilolite was observed primarily in opal-CT rocks and was not observed in quartz rocks. Analcime and mordenite were tentatively identified primarily in quartz rocks. Formation of zeolite minerals may be limited, in part, because the pH is buffered by the precipitation of dolomite.
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